I. INTRODUCTION
Graphene, a planar sheet of sp 2 -bonded carbon atoms arranged in a honeycomb lattice, has become a promising candidate material 1,2 for future-generation electronics due to its remarkable mechanical, 3, 4 electrical, 5, 6 optical, 7, 8 and thermal 9, 10 properties. The ever-miniaturizing electronic devices lead to ever increasing power density, which motivates a growing need for high performance thermal management in such devices. The high thermal conductivity 11, 12 of graphene makes it extremely attractive as a possible solution for next generation thermal management devices. On the other hand, thermal conductivity is sensitive to defect concentration, and the fabrication process of graphene inevitably results in defects such as vacancies, 13, 14 Stone-Wales defects, 15, 16 isotope effects, [17] [18] [19] [20] [21] wrinkles, 22 grain boundaries (GBs), 23, 24 and GB loops, 25 which in turn influence the thermal properties of graphene substantially.
Currently, chemical-vapor deposition (CVD) is the most common approach to fabricating large-area monolayer graphene on metal foils such as nickel 26, 27 and copper. 28, 29 However, the CVD approach invariably creates defects such as GBs in graphene 30 because individual crystals nucleate on each grain of the metallic foil and then randomly grow in different directions. Such crystals coalesce at the later stage of grain growth to form graphene GBs 31, 32 which are usually modeled in pairs of pentagon and heptagon rings. 23, 33 Graphene GBs have been studied both experimentally 23, 34 and theoretically 35, 36 and shown to significantly degrade many properties of graphene, such as electrical transport 37 and thermal conductivity. [38] [39] [40] Several investigations perform defect engineering to modulate the thermal conductivity by tuning GB defect density, 38, 41, 42 GB energy, 43 and material size. 44, 45 Molecular dynamics (MD) simulations reveal that different symmetric tilt GBs exhibit an anomalous expansion in thermal conductivity along GBs of bicrystalline graphene nanoribbons. 46 The thermal transport in polycrystalline graphene is governed by the thermal conductivity of graphene GBs along various in-plane directions, given the random orientations of GBs in polycrystalline graphene. However, existing studies consider the cases in which the thermal flux is either parallel or perpendicular to graphene tilt GBs. A comprehensive understanding of the thermal conductivity of graphene tilt GBs as a function of in-plane thermal loading angle and GB misorientation angle is desirable but still absent.
Aiming to address this gap, in the present study, we investigate the thermal conductivity (k) of graphene GBs for all possible tilt GB misorientation angles (23 cases) under arbitrary in-plane thermal loading directions, using non-equilibrium molecular dynamics (NEMD) 22, 41, 46, 47 simulations.
II. METHODOLOGY
We consider a graphene tilt GB between two crystalline grains having a misorientation angle θ [ Fig. 1(a) ]. The thermal loading angle f [ Fig. 1(b) ] is defined as the angle between the tilt GB and the direction perpendicular to the thermal flux. Therefore, when f = 0°, the heat flux is perpendicular to the graphene tilt GB, and when f = 90°, the heat flux is parallel to the graphene tilt GB. Figure 2 shows all possible graphene tilt GB configurations (23 in total) grouped into three categories termed as armchair [ Fig. 2(a) ], transition [ Fig. 2(b) ], and zigzag [ Fig. 2(c) ] oriented GBs. Each configuration comprises of an arrangement of one pentagon and one heptagon ring of carbon atoms, both of which together constitute a disclination dipole (dp). For the range of misorientation angle θ from 2.1°to 21.8°, the GB features a periodic array of disclination dipoles (1dp) made of a pentagon-heptagon defect or dipole clusters (made of 2 or 3 dipoles, e.g., 2dp, 3dp) [ Fig. 2 Fig. 2(b) ]. This is the second part of our previous study 48 which used the same atomic coordinates for the GBs.
We use the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 49 for the molecular dynamics study of the strength of graphene GBs. The size of the simulation model, on the one hand, needs to be large enough to contain sufficient number of defects along the GB and, on the other hand, needs to be suitable so that parametric studies of GB properties are not computation time prohibitive. For such considerations, in all simulations, polycrystalline graphene is 300 Å × 200 Å. First, the entire model structure is energy minimized, allowing the structure to relax to the lowest energy state and ensuring stable bonding among all the atoms. The optimized Tersoff potential 50 was used to model the interactions between C-C atoms in graphene, because it has been recently shown to produce values of the acousticphonon velocities that are in excellent agreement with the measured data for pristine graphene. The original Tersoff potential is made up of 12 parameters for carbon based systems and the optimized potential used for these simulations changed two of these parameters. Each of the polycrystalline structures is initialized at a temperature of 300 K using the canonical (NVT) ensemble [coupling time 0.1 picosecond ( ps)] for 1.5 ps. Subsequently, the microcanonical ensemble (NVE) using the Berendsen thermostat is employed for a further 1 ps to equilibrate the system in the absence of imposed constraints. A time step of 0.0005 ps is used throughout in all the simulations. Here, we assume the validity of ergodic hypothesis, which states that the time average will be equal to the ensemble average.
To investigate the thermal transport of polycrystalline graphene, we apply the non-equilibrium molecular dynamics (NEMD) method 38 along the in-plane (x direction) using the NVT ensemble for 16 000 ps. There also exist other methods to determine k, such as Green's function techniques using phonon properties that involve the solution of solving lattice dynamics (LD) and Boltzmann Transport (BT) equations. 51 Green's function techniques are usually applicable to low temperatures (below the Debye temperature) and involve a rather small model system (e.g., up to 2000 atoms in Ref. 51) in comparison with that using MD techniques (e.g., around 20 000 atoms in our simulations). The atomic model is such that the boundaries are held fixed at two different temperatures of 320 K (left boundary) and 280 K (right boundary). The atomic positions and velocities of the hot zone at the left end and the cold zone at the right end are updated for each time step using the NVT ensemble (Nose-Hoover thermostat) in LAMMPS [ Fig. 3(a) ]. For the rest of the atoms in the central region, which are mobile, an NVE ensemble is used. This temperature difference initiates a kinetic energy exchange mechanism driving the heat transport process through the material model. After a steady state temperature distribution is achieved after 10 ps, the constant heat flux (J x ) through the material and the temperature gradient can be computed.
Then, we continue additional NEMD simulations to calculate the spatially distributed temperature values along with the average cumulative energy (E cum ) transferred between the hot and cold zones which is given by
where E hot is the cumulative energy supplied to the hot region and E cold is the cumulative energy extracted from the cold region and is in units of eV. This difference in energy at the two boundaries is thus directly proportional to J x , which subsequently imposes the temperature gradient dT/dx. Finally, the thermal conductivity (k) is computed from 1D
FIG. 3. (a)
A representative schematic of a graphene nanostructure containing a tilt GB with a misorientation angle θ = 21.8°and a thermal loading angle f = 10°. In the atomic model of the graphene sheet, the left end (red) is set at a temperature higher than the right end (blue) which drives the heat transfer process across the material and thus imposes a heat flux J x from left to right. (b) Steady-state temperature distribution along the heat transfer direction for the graphene sheet in (a). The spatial distribution of the temperature of the regions containing the two grains along with the GB zone is used to determine the best linear fit (red line) to evaluate the temperature gradient and hence compute the thermal conductivity of the graphene tilt GB along this specific thermal loading direction.
FIG. 4.
Thermal conductivity of graphene GBs as a function of thermal loading angle for (a) armchair GBs, (b) transition GBs, (c) zigzag GBs, and (d) pristine sheets. Error bars represent the standard deviations computed from ten simulations.
Journal of
where
Here, A is the cross-sectional area across which heat transfer occurs. For polycrystalline graphene, it is the rectangular area equal to the width of the sheet times the interlayer spacing of graphite, which equals 0.34 nm. The temperature gradient is determined by a linear fit algorithm of the spatial temperature distribution of the inner region of the graphene sheet. The extreme ends of the sheet where the temperature profile is nonlinear, due to finite size effects and the high thermal conductivity of graphene, 38 are excluded from this calculation. Figure 3(b) shows a typical steady state temperature profile in the simulation model. Figure 4 presents the variation of thermal conductivity k as a function of thermal loading angle f for all the 23 cases of graphene tilt GBs (armchair GBs, Fig. 4(a) ; transition GBs, Fig. 4(b) ; zigzag GBs, Fig. 4(c) ; and pristine graphene, Fig. 4(d) ]. It is obvious that k exhibits an overall increasing trend as f increases. This trend can be readily understood as follows. The thermal transport in polycrystalline graphene is mainly dominated by phonons 52, 53 and has negligible electronic contribution. 54 With higher defect density, the nanomaterial aggravates the phonon-phonon scattering in addition to shortening the phonon mean free path, leading to hindrance in the formation of vibrational modes responsible for the thermal transport, which consequently reduces k. As thermal loading angle f increases from 0°to 90°, the orientation of the GB gradually varies from being perpendicular to being parallel to the thermal flux direction (Fig. 5) . As f increases, the perturbation to thermal transport due to the disclination dipole defects in the GB decreases, leading to an increasing k.
III. RESULTS AND DISCUSSIONS
To further understand the parameters that govern the variation of k, Fig. 6 plots k as a function of misorientation angle θ for various thermal loading angle f. It is evident that for a given f, k reaches the lowest at θ = 32.2°. We suggest that this phenomenon is dependent on the defect density. Figure 1 shows that the defect density along the GB gradually increases as θ increases for armchair GBs [ Fig. 1(a) ] and transition GBs [ Fig. 1(b) ]. The highest defect density occurs at θ = 32.2°, corresponding to the lowest k. For zigzag GBs, the defect density decreases as θ increases from 32.2°[ Fig. 1(c)] .
Such a dependence of thermal conductivity on defect density can be further understood mechanistically as follows. There are two types of vibrational modes that are responsible for the conduction of thermal energy, namely, the low frequency (low wave number) long-range modes 17 and the high frequency, short-range stretching modes. 55 Even though there is an ongoing debate to identify the exact vibrational mode which has a dominant contribution in the thermal transport of these carbon nanomaterials, it is clear that the influence of mass disorder from the defects along the GB results in the perturbation of these vibrational modes. This is because when any mass disorder is present in the nanomaterial, increased phonon-phonon interactions at different frequencies occur which facilitates increased energy scattering and thereby reduces the phonon velocities along with the energy carrying capacity of the phonons. As a result, the thermal conductivity of graphene decreases with increased defect density.
It is also evident from 
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ARTICLE scitation.org/journal/jap disclination dipoles along the GB cause lattice distortion near the defects, which in turn lead to out-of-the-plane fluctuation of the graphene. With such fluctuation of the graphene, the corresponding change in bond lengths and bond angles leads to instability in the lattice and phonon scattering, which consequently cause reduced energy carrying capacity and thus reduce thermal conductivity. 56 As shown in Fig. 7 , GBs with a low defect density indeed result in out-of-the-plane fluctuation with an overall amplitude larger than that due to a GB with a high defect density. For example, for θ = 32.2 Å the fluctuation amplitude is only about 7.6 Å, while for θ = 5.5 Å and θ = 50.5 Å, the fluctuation amplitude is about 20.5 Å and 16.6 Å, respectively. This can be attributed to the mutual constraint of out-of-the-plane fluctuations between neighboring disclination dipole defects. As a result, the reduction in k from the increase in defect density is offset by the reduction of the out-of-the-plane fluctuation of polycrystalline graphene as θ increases from 0 Å (or decreases from 60 Å), leading to the non-linear dependence as depicted in Fig. 6 .
There typically will be a temperature jump between regions with differing thermal properties and we have also seen a sharp jump in temperature between Grain 1 and Grain 2 for f = 20°or less. The thermal conductivity for these two grains can also be quite different, as shown in Table I , since the chirality of Grain 1 and Grain 2 is different. However, even when k between Grain 1 and Grain 2 is similar, the temperature jump is about the same as when the difference in k is large. This implies that the temperature jump occurs mainly because of the GB region itself. This temperature jump produces a resistance to the heat flow. The Kapitza resistance, R, was determined for a few sheets, as shown in Table I , using
where ΔT is the temperature jump between Grain 1 and Grain 2 as shown in Fig. 8 , and J x is the heat flux through the entire sheet. Journal of Applied Physics ARTICLE scitation.org/journal/jap Table I also shows that k for Grain 1 and Grain 2 is slightly larger when f is small, then converges to the same k for the entire sheet as f gets larger. The Kapitza resistance gets very small after f = 20°, since ΔT becomes small after this and the temperature profile becomes linear through the entire sheet (excluding the nonlinear ends near the hot and cold zones).
Size effects are important as the NEMD approach employs finite-size simulation cells, which results in artificial scattering at the thermostat boundaries (the left and the right ends which are fixed at 320 K and 280 K, respectively) and at the GBs. As shown in Fig. 9 , for a given width of the simulation model of 200 Å, k increases as the length of the simulated sheet increases. Such a trend can be explained as follows. The phonon mean free path of graphene is in the order of ∼775-800 nm. 38, 57 When the nanostructure length (L) is smaller than the effective mean free path, the thermal transport is of ballistic type where the energy scattering due to phonon collisions in the boundary and the GBs dominates. With gradual increase in the model system size (length of graphene), the energy losses due to phonon scattering in the boundary and the GBs decrease and the phonons now have a greater likelihood of colliding against each other. The more the phonon-phonon collisions with each other, the more is the energy carrying capacity of the phonons which directly contribute to a higher k. This explains the increase in values of thermal conductivity with larger system sizes. This increase continues even when the thermal transport transitions from ballistic type to diffusive type (L > 800 nm). However, an increase in k with an increase in the model system size is not unbounded. Values of k for defect-free graphene have been found to converge to around 3122 W/m K for graphene sheet lengths of 16 μm as in the previous literature. 57 Such a large length-scale is outside the scope of our study. However, from the intercepts of the plots in Fig 9(b) Moreover, we observe that for these sheets with varying lengths, the trend of change in k with changing defect density is the same for the results we presented for sheets that were all 300 Å × 200 Å above. The maximum k always occurs at θ = 9.4 Å, intermediate at θ = 44.8 Å, and the minimum k occurs at θ = 32.2 Å. This trend of change in k is consistent with the results of all the sheets presented in our study. Sheets longer than the ones in this study are also expected to show the same trend of change in k till the values converge for infinitely long sheets.
IV. CONCLUSION
In summary, our computational investigation deals with graphene structures having GBs formed from pentagon and heptagon rings and elucidates the dependence of its thermal conductivity on the thermal loading direction and the GB misorientation angle. The comprehensive study provides quantitative knowledge of the thermal conductivity of graphene GBs for the entire range of GB misorientation angles in arbitrary thermal loading directions. It was shown that thermal conductivity generally decreases with an increase in defect density along the GBs and increases with an increase in thermal loading angle or sheet length. The Kapitza resistance of the sheet can be determined because of the temperature jump between Grain 1 and Grain 2 for f = 20°or less but disappears for f = 30°or higher. Such knowledge can shed light on understanding the thermal conductivity of polycrystalline graphene and offer guidelines in designing graphene-based devices.
